Purpose: To evaluate the success rate of CT-guided bone biopsies in metastatic castration-resistant prostate cancer (mCRPC) and to investigate associated technical, imaging, and clinical parameters affecting diagnostic yields.
Despite treatment advances over the last few decades, prostate cancer remains the second leading cause of death in men in the United States (1) . Prostate cancer is a heterogeneous disease with variable clinical outcomes ranging from a well-differentiated microscopic tumor with little clinical significance to an aggressive, high-grade cancer resulting in widespread metastases and death (2, 3) . Poor clinical outcomes in patients with prostate cancer are most often associated with the development of resistance to conventional hormone deprivation therapy or so-called metastatic castrate-resistant prostate cancer (mCRPC) (4, 5) .
Bone tumor biopsies have become increasingly important for molecular analyses and treatment planning in patients with mCRPC. Absence of viable tumor cells and mutational differences between primary and metastatic lesions often preclude sampling from the prostate (2, 3) . The predominant source of tissue in most patients is from osteoblastic bone lesions with viable tumor trapped in a densely packed sclerotic matrix (6) . Consequently, bone biopsies are technically challenging and often result in inadequate sample size or poor-quality material (7) (8) (9) .
Current literature describing tissue acquisition in metastatic prostate cancer is limited. Reported success rates are 26%-77% depending on whether biopsies were performed with or without computed tomography (CT) guidance (10) (11) (12) . Most reports in the literature describe diagnostic yield in terms of histologic confirmation of tumor cells (10, 11) ; however, in clinical practice, successful extraction of molecular material is an increasingly important goal of these biopsy procedures. To our knowledge, only 1 other study has reported on image-guided bone biopsies in metastatic prostate cancer in terms of both histologic confirmation of tumor cells and successful isolation of molecular material. In a study of 54 biopsies, Spritzer et al (12) reported a 67% success rate based on histologic confirmation but a significantly lower 40% success rate based on successful RNA isolation.
Although prostate cancer biopsies are increasing in importance for personalized treatment, there are significant challenges to harvest sufficient material. The purpose of this study was to determine the frequency with which CT-guided bone biopsies in patients with mCRPC yielded adequate material for both histologic and RNA-based analyses in a large, prospective, multi-institutional study. A second objective was to investigate the technical, imaging, and clinical parameters driving the diagnostic yield.
MATERIALS AND METHODS
The biopsies analyzed in this study were performed between March 2013 and December 2015 as part of a prospective, single-cohort, observational phase II trial to identify adaptive mechanisms of resistance in mCRPC (ClinicalTrials.gov Identifier NCT02432001). The trial enrolled 300 men with mCRPC at 6 academic centers. Institutional review board approval was obtained from all participating centers. The primary endpoint was to identify the proportion of patients with mCRPC with high androgen receptor activity in bone following second-line hormonal therapy and/or chemotherapy. For the present study, biopsies from 2 of the centers with the highest numbers of bone biopsies were analyzed.
Patients
The present study included 72 men (median age, 68 y; range, 49-89 y) who underwent 80 bone biopsies (8 patients had a second biopsy of a different lesion at the time of disease progression). Baseline clinical characteristics of the patients are presented in Table 1 . The inclusion criteria consisted of (a) histologically confirmed prostate cancer, (b) radiographic evidence of metastatic disease amenable to image-guided biopsy (CT and bone scintigraphy), and (c) disease progression despite castrate levels of testosterone (< 50 ng/dL). The criteria for disease progression are described in Appendix A (available online at www.jvir.org) (13) . All patients provided informed consent before undergoing biopsy.
Clinical and Laboratory Data
Clinical and laboratory data were analyzed based on review of the medical records. The following laboratory parameters were assessed as continuous variables: (i) hemoglobin (g/dL), (ii) prostate-specific antigen (PSA) (ng/mL), (iii) serum alkaline phosphatase (U/L), and (iv) lactate dehydrogenase (U/L). Laboratory values collected ± 30 days from the time of biopsy were considered relevant for the purposes of the analysis. The following data were collected and assessed as categorical variables: (i) bone-modifying agents (ongoing treatment > 6 months before biopsy) including the specific agent (zoledronate or denosumab) and the length of therapy ( 12 months vs > 12 months), (ii) systemic immunotherapy or chemotherapy (treatment at any point < 6 months before biopsy), (iii) androgen deprivation therapy (ongoing treatment > 6 months before biopsy), and (iv) external-beam radiation (history of treatment to the pelvis, lumbar spine, or prostate bed < 3 years before biopsy).
Biopsy Procedure
All procedures described in this study were performed by 4 subspecialty-trained musculoskeletal radiologists (E.F., B.B., D.M., T.M.L.; mean experience, 13 y; range, 6-25 y). Biopsy sites were selected based on clinical judgment and safety. Sites of prior external-beam radiation were excluded if possible. All biopsies were performed with image guidance using multidetector CT scanners (Discovery 750HD; GE Healthcare, Chicago, Illinois; Brilliance CT 16 slice-DS; Philips Healthcare, Best, Netherlands). Local anesthesia using 1% lidocaine was administered at the skin surface and along the anticipated tract of the biopsy needle. Conscious sedation was not used during any of the biopsy procedures. Core samples were obtained with a Jamshidi 11-gauge needle (CareFusion Corp, Vernon Hills, Illinois), Bonopty 13-gauge needle (AprioMed, Uppsala, Sweden), Bonopty 16-gauge needle (AprioMed), or Arrow OnControl power drill biopsy set (Teleflex Inc, Morrisville, North Carolina). There were 2-6 cores obtained per biopsy. A cytopathologist was not present for preliminary assessment of the samples during the procedure.
Tissue Processing
Biopsy specimens were processed for histologic evaluation and molecular analysis as previously described (12). Two board-certified genitourinary pathologists (G.V.T., J.H.) reviewed all biopsy specimens for the presence of tumor. Biopsies were considered successful for histologic confirmation if specimens contained ! 5% tumor. Unsuccessful biopsies had either no tumor present (ie, normal bone, crush artifact) or insufficient tumor for next-generation sequencing (< 5% tumor). Specimens were considered positive for successful acquisition of molecular material if the isolated RNA was of sufficient quality for sequencing. Histology was performed in all specimens, whereas RNA analysis was available only in 55 of 80 specimens.
Analysis of Imaging and Technical Parameters
Imaging and technical parameters used during the biopsy were reviewed retrospectively by 1 radiologist from each center (M.G.H., E.F.; 3-10 y of experience) blinded to the pathology results. The imaging findings from each biopsy were interpreted independently but subsequently adjudicated by consensus between the 2 radiologists. The anatomic location of the biopsies was classified as ilium, pelvis (nonilium), or extrapelvis. The size of the lesion was categorized as < 2 cm, 2-4 cm, or > 4 cm. The number of core samples was divided into the following categories:
2, 3, 4, or ! 5. The location of the sample within the lesion was characterized as either central or peripheral. Peripheral samples were defined as samples obtained within 5 mm from the interface between normal and diseased bone. The lesion type was defined as lesions with predominantly dense sclerosis, lesions with predominantly subtle sclerosis, mixed lesions with areas of dense and subtle sclerosis, or lesions with areas of radiolucency (Fig 1a-d) .
The quantitative attenuation at the biopsy site was measured in Hounsfield units in a 3 Â 10 mm cylindrical region of interest oriented along the course of the needle at the biopsy site. To calculate a mean attenuation, 3 measurements (HU) were obtained. Lesion margins were categorized as either well-circumscribed or ill-defined. A well-circumscribed margin was defined by a sharp, narrow zone of transition, whereas an ill-defined margin was defined by a hazy, wide zone of transition. Variable sampling techniques were used for lesions with ill-defined margins, including targeting the central (53 of 66) and peripheral (13 of 66) portions of the lesion.
Interval lesion growth was assessed by comparing the CT images obtained during the biopsy procedure with available prior CT imaging. Positive interval growth was defined as a > 25% increase in mean diameter of the lesion demonstrated within the previous 24 months. All patients included in the study had a recent technetium-99m methylene diphosphonate bone scan performed < 3 months before the biopsy. The presence of radiotracer uptake at the biopsy site was evaluated. Additional parameters analyzed included type of biopsy needle and distance from the cortex to the lesion edge (in centimeters).
Statistical Analysis
General estimating equations accounting for intrapatient correlations (72 subjects, 80 biopsies) were used to assess whether biopsy outcome (adequate amount of tumor cells) was associated with the predictor variables (described in Technical Parameters, Imaging Review, and Clinical and Laboratory Data). The continuous predictor variables were empirically subdivided into dichotomous categories based on threshold values chosen to provide good sensitivity without losing too many subjects owing to low specificity. All analyses were adjusted for age. P < .05 was considered statistically significant. Statistical analysis was performed using STATA version 13 (StataCorp LLC, College Station, Texas).
RESULTS

Overall Success Rate
The technical success rate of CT-guided bone biopsy was 69% (55 of 80) based on histologic cellular confirmation of cancer (! 5% tumor). The percent tumor in each specimen was < 5% in 25 cases, 5%-49% in 37 cases, and ! 50% in 18 cases. The success rate based on successful isolation of RNA for sequencing within a subset of the population was 64% (35 of 55). The procedures were well tolerated, and no complications were encountered in any of the biopsy procedures. 
Technical Parameters
The average distance from the cortex to the lesion edge along the needle tract was approximately 30% shorter in the successful biopsy group compared with the unsuccessful biopsy group (1.3 cm ± 0.2 vs 1.8 cm ± 0.3; P ¼.09). An empirically determined cutoff value of 1.6 cm resulted in a statistical trend in diagnostic yield (77% [36 of 47] for 1.6 cm vs 58% [19 of 33] for > 1.6 cm; P ¼ .09) ( Table 2 ). There was also a statistical trend with regard to the location of the actual biopsy site within the lesion (Fig 2a-d) Imaging Review Table 3 ) was seen in lesions of predominantly dense sclerosis (Fig 1a) . In comparison, there was a statistical trend with a higher success rate of 65% (15 of 23) (P ¼ .08) in lesions of predominantly subtle sclerosis (Fig 1b) and a statistically significantly higher success rate of 74% (17 of 23) (P ¼ .02) in mixed lesions containing areas of both dense and subtle sclerosis (Fig 1c) . Given the fact that mixed lesions contain areas of both dense and subtle sclerosis, the diagnostic yield depended on the qualitative density at the biopsy site. If the biopsy specimen was obtained in an area of subtle sclerosis, the success rate was 85% (17 of 20), whereas if the biopsy specimen was obtained in an area of dense sclerosis, the success rate was 0% (0 of 3) (P ¼ .02). The highest success rate of 95% (18 of 19) in lesions containing areas of radiolucency (Fig 1d) was statistically significantly higher than both lesions of predominantly dense sclerosis (P ¼ .002) and lesions of predominantly subtle sclerosis (P ¼ .04). These areas of radiolucency were distinctly lower in attenuation than sclerotic bone but were not traditionally lytic because of the lack of obvious soft tissue or bone destruction.
Lesions with areas of radiolucency demonstrated a higher concentration of tumor relative to all other lesion types (28.1% ± 4.8 vs 17.2% ± 2.7; P ¼ .04). Similarly, lesions of predominantly subtle sclerosis had a higher proportion Biopsy success rates were significantly associated with interval growth of the lesion preceding biopsy. Lesions with at least a 25% increase in mean diameter compared with a prior CT scan within the previous 24 months (Fig 3a, b) demonstrated significantly better biopsy outcomes with a success rate of 81% (38 of 47). In contrast, lesions unchanged in size over the same time period were found to have adequate tumor yield in only 42% (11 of 26) of cases (P ¼ .005).
Lesions with ill-defined margins were statistically more likely to have a successful biopsy compared with lesions with well-circumscribed margins (76% [50 of 66] vs. 36% [5 of 14] ; P ¼ .005) (Fig 4a, b) . Lesions with ill-defined margins demonstrated a higher proportion of tumor cellularity compared with lesions with well-circumscribed margins (22.2% ± 2.6 vs. 8.6% ± 5.6; P ¼ .03).
Clinical and Laboratory Data
Alkaline phosphatase was the only laboratory variable shown to be statistically significantly associated with biopsy outcome ( Table 4) . As a categorical variable, 83% (34 of 41) of biopsies were successful when alkaline phosphatase was > 110 U/L compared with 50% (18 of 36) of biopsies when alkaline phosphatase was 110 U/L (P ¼ .001). As a numerical variable, the average level of alkaline phosphatase was 246 U/L ± 32 in successful biopsies compared with 125 U/L ± 23 in unsuccessful biopsies (P ¼ .03). Although relatively higher levels of lactate dehydrogenase (300 U/L ± 82 vs 237 U/L ± 21; P ¼ .61), higher levels of PSA (232 μg/L ± 86 vs 101 μg/L ± 30; P ¼ .30), and lower levels of hemoglobin (12.0 g/dL ± 0.2 vs 12.3 g/dL ± 0.3; P ¼ .49) were observed in the positive biopsy group, the differences were not statistically significant.
A slightly lower biopsy success rate was observed in men receiving bone-modifying agents (63% [24 of 38] vs 74% [31 of 42]); however, the difference was not statistically significant (P ¼ .38). No differences were seen on the basis of the 
DISCUSSION
In this study, most CT-guided bone tumor biopsies yielded material suitable for histologic and molecular analyses in patients with mCRPC. Radiologic characteristics associated with success included osteoblastic metastases with areas of radiolucency or minimal low-attenuation sclerosis, lesions with ill-defined margins, and lesions with recent interval growth. Additional parameters, such as elevated serum alkaline phosphatase, sampling from the periphery of lesions, and selecting lesions closest to the cortex, also resulted in improved biopsy outcomes. The number of prior studies specifically examining CTguided bone biopsies in men with mCRPC has been limited, and in contrast to the present study, far fewer variables were analyzed. Spritzer et al (12) analyzed 54 biopsies and found a 67% success rate based on histologic confirmation of tumor cells and a 40% success rate based on successful RNA isolation. In a smaller, more limited study of 30 biopsies, McKay et al (10) reported a 77% success rate based only on histologic confirmation. In regard to adequate material for histologic determination, the success rates in the present study were very similar to these 2 studies; however, the diagnostic yield of the present study based on successful isolation of RNA for sequencing was markedly higher than that of Spritzer et al. Given that the methods for tissue processing and RNA isolation were similar, a good explanation for the differences is not available. However, success rates improved in later biopsies likely as a result of more precise technique and experience.
The historically low biopsy success rates of osteoblastic lesions compared with other osseous lesions have often been attributed to the tightly packed sclerotic matrix resulting in limited growth and decreased cellularity (6) . However, studies have shown a significant degree of heterogeneity and variability in the histologic makeup of osteoblastic lesions. Reports based on postmortem analyses have described 5 different histologic patterns of prostate cancer tumor metastases in bone with variable proportion of tumor volume ranging from < 5% in osteodense lesions to 88% in osteopenic lesions (2, 14) . In the present study, lesions of predominantly dense sclerosis demonstrated an average tumor concentration of 4%, corresponding with a very low 33% biopsy success rate. In contrast, lesions with areas of radiolucency demonstrated an average tumor concentration of 28% and consequently a much higher 95% biopsy success rate. Although both of these biopsy success rates fall far outside of the range of diagnostic yields (54%-77%), which have been reported in the past for "sclerotic lesions" (7) (8) (9) (10) 12) , these results indicate that osteoblastic metastases in mCRPC are not a homogeneous group of lesions. Therefore, the following imaging characteristics suggestive of increased cellularity can be helpful for improving biopsy tumor yields: lesions with areas of radiolucency, qualitatively subtle sclerosis, mean attenuation < 475 HU, and illdefined margins.
Radiographic and clinical signs of disease progression are important factors to consider when optimizing tissue yield in patients with mCRPC. In breast cancer metastases, an increase in lesion size has been described as a reliable indicator of the presence of tumor, particularly in osteoblastic lesions where evaluation is often complicated by treatmentrelated sclerosis (15) . The results of the present study suggest a similar relationship in which an increase in lesion size significantly correlates with increased diagnostic yields. Clinically, markers of disease burden, such as hemoglobin, alkaline phosphatase, and PSA, have been reported to correlate with outcomes in blind bone marrow biopsies in patients with mCRPC (11, 16) . In the present study, only alkaline phosphatase was found to be associated with tumor yield. However, this finding may indicate a lesser degree of specificity of PSA and hemoglobin in patients with mCRPC. For example, anemia may occur as a consequence of marrow infiltration but can also be caused by a number of different factors, including androgen deprivation therapy or other anticancer therapies (17) . Alkaline phosphatase has been shown to be more specific for bone turnover and tumor growth (18) .
This study has limitations mainly as a consequence of the study design. There was some degree of selection bias. Lesions were primarily selected for biopsy on the basis of feasibility and safety rather than true randomization. Biopsy techniques were variable depending on the performing radiologist, the type of needle, and the number of core samples obtained. A degree of interobserver variability is always a consideration in a study based on image interpretation. However, in this analysis, the imaging was reviewed, analyzed, and adjudicated by consensus between the same 2 radiologists.
In conclusion, CT-guided bone tumor biopsies can be successfully used for acquisition of cellular and molecular material for analyses in patients with osteoblastic prostate cancer metastases. Given the increasing number of biopsies performed for personalized management in patients with mCRPC, careful consideration of procedural techniques, prior imaging, and certain clinical factors can significantly increase diagnostic yield in bone tumor biopsies. The most important radiologic criteria associated with a higher success rate are lesions with areas of radiolucency or minimal low-attenuation sclerosis, lesions with ill-defined margins, and lesions with recent interval growth.
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